Background and Purpose-Inflammatory markers predict first-time ischemic events. We investigated whether leukocyte and differential counts predict recurrent events and ischemic events in high-risk populations, and whether such events are preceded by acutely exacerbated inflammation. Methods-We studied 18 558 patients with ischemic stroke, myocardial infarction, or peripheral arterial disease who participated in the trial of Clopidogrel versus Aspirin in Patients at Risk of Ischemic Events (CAPRIE), a study that compared the occurrence of ischemic stroke, myocardial infarction, or vascular death under randomized treatment with aspirin or clopidogrel. Leukocyte counts were frequently assessed during followup. Results-Compared with the quartile with lowest leukocyte counts at baseline (Ͻ5.9ϫ10 9 /L), patients in the top quartile (Ͼ8.2ϫ10 9 /L) had higher risks for ischemic stroke (relative risk 1.30; Pϭ0.007), myocardial infarction (relative risk 1.56, PϽ0.001), and vascular death (relative risk 1.51; PϽ0.001) after adjustment for other risk factors. Neutrophil counts contributed most to increased risk. Assessments of regression dilution effects based on replicate measurements show that these risk associations may underestimate the real associations by 30 to 50%. Treatment with aspirin or clopidogrel did not influence predictive effects by leukocytes. In the week before a recurrent event, but not at earlier time points, the leukocyte count was significantly increased over baseline levels (nϭ211; mean difference ϩ0.46ϫ10 9 /L; Pϭ0.005). Conclusions-Leukocyte counts and mainly neutrophil counts are independently associated with ischemic events in these high-risk populations. An increase of leukocyte counts over baseline levels heralds a period of increased risk lasting about one week.
M
ultiple lines of evidence indicate that inflammation contributes to both initiation and progression of atherosclerosis, and to acute rupture of atherosclerotic plaques with superimposed thrombus formation. 1 Several markers of inflammation have been identified as predictors of ischemic vascular diseases. The leukocyte count predicted the risk of first-time myocardial infarction and ischemic stroke, [2] [3] [4] [5] [6] [7] [8] [9] independent from smoking and other vascular risk factors, in a recent metaanalysis. 10 Similarly, levels of C-reactive protein (CRP) were correlated with the risk of ischemic diseases. 10 -12 Most previous studies on inflammation and vascular risk investigated healthy subjects. Possibly, the prognostic value of inflammatory parameters is apparent only when the level of conventional risk factors is low but not in cohorts with high-risk of ischemic diseases. 13 However, only a few data exist to indicate whether inflammatory parameters also reflect the risk of ischemic events in high-risk populations and the risk of recurrent ischemic events. 14, 15 To address the issue of leukocyte counts as a risk factor in high-risk populations, we used hematological assessments from the trial of Clopidogrel versus Aspirin in Patients at Risk of Ischemic Events (CAPRIE). CAPRIE assessed the relative efficacy of clopidogrel and aspirin in reducing a composite outcome cluster of ischemic stroke, myocardial infarction, or vascular death in patients with previous ischemic diseases. Blood cell counts were frequently assessed during the study. 16 We tested the hypothesis that leukocyte and differential counts predict ischemic events in a high-risk population, and that acute increases in leukocyte counts precede the occurrence of ischemic events in the CAPRIE study population. Furthermore, we investigated whether the predictive role of leukocyte counts is differentially modified by treatment with aspirin or clopidogrel.
Methods

Study Population
The design of the CAPRIE trial was published recently. 16 Briefly, patients with ischemic stroke of presumed atherothrombotic or lacunar origin, patients with myocardial infarction, and patients with peripheral arterial disease were randomized in a double-blind way to receive either clopidogrel (75 mg once daily) or aspirin (325 mg once daily), and were followed for one to three years. Exclusion criteria for patients included age Ͻ21 years, uncontrolled hypertension, severe renal or hepatic insufficiency, and present or previous hemostatic and hematologic disorders. The primary endpoint of the study was the occurrence of ischemic stroke, myocardial infarction, or vascular death.
Blood counts were assessed weekly in the first 3 months among the initial 500 patients and biweekly among the second 500 patients of the study. After a blinded review of safety data, follow-up visits with hematological assessment took place monthly for the first 3 months and every 4 months thereafter. Three central laboratories received blood samples by overnight courier and performed hematological assessments using automated cell counting systems and manual recounts, if cell counts were pathological or if otherwise required.
We excluded all patients from the analyses with any leukocyte count Ͻ3.5ϫ10 9 /L or Ͼ25.0ϫ10 9 /L or any neutrophil count Ͻ1.2ϫ10 9 /L. Low neutrophil counts were not more common under clopidogrel (0.10%) than aspirin (0.17%). We used leukocyte and differential counts from baseline evaluation, unless those values were gained within 28 days after myocardial infarction or ischemic stroke, in order to exclude acute phase effects. In such cases, first values after 4 weeks were used. CAPRIE was accepted by the respective Ethics committees, and patients gave informed consent.
Statistical Analysis
Subjects were divided into 4 equally sized groups (quartiles) according to their leukocyte or differential counts. Subjects with all 3 randomization events were analyzed together. Annual rates of recurrent events and risk ratios relative to the quartile with the lowest values were calculated in univariate analysis. To adjust for other risk factors, a multivariate analysis including age, nonwhite or white race, gender, body mass index, hypertension, congestive heart failure, cigarette smoking, diabetes mellitus, coronary heart disease (stable or unstable angina pectoris), hematocrit, hyperlipidemia, random treatment assignment, recent or previous myocardial infarction, cerebrovascular event, and peripheral arterial disease was performed. A likelihood ratio test was applied to compare prediction models with and without leukocyte counts. To analyze the possible differential effect of study medication on the predictive role of leukocyte counts, an interaction term (leukocyte count ϫ medication) was introduced into the multivariate model. Analysis of variance was used to estimate the influence of various factors on leukocyte counts. Within the framework of the multivariate model, tests for trends were performed to analyze the relationship between leukocyte counts and the risk of recurrent events in subgroups of patients.
Parametric and nonparametric methods 17, 18 were used to estimate the regression dilution effect resulting from measurement and sampling errors and intraindividual fluctuations of leukocyte counts. Estimates were calculated based on pairs of replicate measurements within the same patient separated by distinct intervals of time (4, 8, 12 , and 24 months). Nonparametric estimates are calculated as a ratio of ranges, and parametric estimates are based on the correlation coefficient between measurement pairs. In both cases, a regression dilution ratio estimate (R) is obtained; it is generally less than 1 and provides an estimate of the importance of regression dilution during the exposure period. The regression coefficient ␤, derived from baseline measurements, can be "corrected" by the factor 1/R to adjust for regression dilution effects.
Means and standard deviations for the difference between counts at baseline and last measurement prior to a recurrent ischemic event (or last measurement for patients with no recurrent events) were calculated according to the number of days the measurement was taken prior to the recurrent event. To assess the significance of the differences, t tests were performed. P values are two-tailed and CI were calculated at the 95% level.
Results
Among the 19 185 participants of the CAPRIE trial, 18 558 patients were included in this analysis (mean age 62.5Ϯ11.1 years, male sex: 72%). Qualifying conditions were ischemic stroke (nϭ6224), myocardial infarction (nϭ5974), and peripheral arterial disease (nϭ6360). During a mean follow-up of 1.9 years, 1840 patients (9.9%) suffered from an outcome event including fatal or nonfatal ischemic stroke (nϭ887), fatal or nonfatal myocardial infarction (nϭ577), and vascular death (nϭ655).
In univariate analysis, the risk of recurrent ischemic events continuously rose with each increasing quartile of leukocyte and granulocyte counts (Table 1) . Current smoking, congestive heart failure, diabetes mellitus, hypertension, caucasian race (PϽ0.001, respectively), and high body mass index (Ͼ30 kg/m 2 ; Pϭ0.040) were independently associated with higher leukocyte count, whereas age Ն65 years (PϽ0.001) was correlated with lower leukocyte counts. In the multivariate analysis, adjusting for vascular risk factors and diseases, hematocrit, and study treatment, the risk of recurrent ischemic events was significantly higher in both upper quartiles of leukocyte counts than in the bottom quartile (Table 1 ; relative risk highest versus lowest quartile: 1.42; 95% CI, range 1.25 to 1.63). Such relative risks were 1.30 (95% CI, range 1.07 to 1.57) for stroke, 1.56 (95% CI, range 1.22 to 2.00) for myocardial infarction, and 1.51 (95% CI, range 1.20 to 1.89) for vascular death. The neutrophil count was the differential count that contributed most strongly to increased risk, and was a predictive index, particularly for vascular death (relative risk 1.86, Table 2 ). The monocyte count showed a similar, although weaker, trend. The lymphocyte count was not a significant predictor in multivariate analysis, except for myocardial infarction, a result that could well represent a type 1 error. Other independent risk factors were age, nonwhite race, myocardial infarction or stroke before the qualifying event, congestive heart failure, diabetes mellitus, peripheral arterial disease or coronary heart disease, and smoking (Table 3 ). The role of neutrophils and monocytes was not modified by adding medication with statins and antiinflammatory drugs to the multivariate model (data not shown). The risk increase was similar under treatment with aspirin and clopidogrel, ie, there was no significant interaction between the predictive role of leukocyte counts and randomized medication in the multivariate model (Pϭ0.50). The fit of the multivariate model without including leukocyte counts ( 2 560.794, 15 df) was significantly improved after addition of leukocyte counts ( 2 598.831, 16 df; difference in likelihood between models, PϽ0.001). The risk in the highest quartile of leukocyte counts was significantly higher than in the lowest quartile in all subgroups analyzed except in women, patients that never smoked, and diabetics (Table 4) .
Regression dilution estimates were between 0.65 (24 months interval between measurements) and 0.73 (4 months interval between measurements) for leukocytes; between 0.61 and 0.67 for neutrophils; and between 0.43 and 0.50 for monocytes (nonparametric method 17 ). The results show that by estimating risk using only baseline values, we have probably underestimated the strength of the association between cell counts and the risk of recurrent events by 30 to 35% for leukocyte and neutrophil counts, and 50% for monocyte counts. Leukocyte counts assessed at earlier time points before recurrent ischemia, and last values in patients without a second event were not different from baseline. Differences to baseline were higher in patients tested within 8 days before a recurrent event than in those tested earlier before an event (PϽ0.05). 
Discussion
These prospective data show that in a high-risk population, leukocyte counts, and particularly neutrophil counts, independently predict ischemic events within a high-risk population and recurrent ischemic events. Most important, this study demonstrates for the first time that within one week, but not at earlier periods before an ischemic event, leukocyte counts are significantly elevated over baseline levels. Traditional risk factors for ischemic vascular diseases do not explain all epidemiological features of these diseases. 6 Increasing evidence indicates that inflammatory parameters are associated with the risk of future ischemic events. In a recent metaanalysis, the risk ratio between subjects in the upper and the lower tertile was 1.4 for leukocyte counts, 1.7 for CRP, and 1.8 for fibrinogen indicating similar predictability of these indexes. 10 Some studies have shown that leukocyte counts independently predict recurrent coronary events. 14, 15 Our results extend previous knowledge by showing that leukocyte counts are also associated with the risk of stroke and vascular death in patients with previous ischemic diseases. Furthermore, our data indicate that the neutrophil count is the most important predictor for recurrent events, whereas the role of monocytes is smaller. Assessments of regression dilution effects show that our analyses based on single baseline measurements may lead to a considerable underestimation of the predictive role of leukocyte counts, although the values calculated are only approximate regarding multivariate models. 19 These regression dilution effects were probably caused mainly by short-and medium-term factors that interact with leukocyte counts, eg, sampling and measurement errors (possibly greatest in monocyte counts), acute infections, and diurnal and seasonal fluctuations of leukocyte counts that show increasing values between morning and noon and higher values in winter than in summer months. 20, 21 Analyses derived from baseline values probably Difference in leukocyte counts between baseline and last measurement before a recurrent event or at study's end underestimate the "true" association by as much as 30 to 50% in different cell counts. The large number of subjects in the CAPRIE trial provides a unique opportunity for subgroup analyses. We found that leukocyte counts were significant predictors for recurrent events in men but not in women. The reason for this gender difference is not understood at present. There is a strong interaction between smoking and leukocyte counts. 22 In our study, the leukocyte count had a predictive role independent from smoking, but the risk increase along leukocyte counts was more pronounced in current smokers and exsmokers than in patients who never smoked.
The mechanisms linking leukocyte counts to cardiovascular risk are insufficiently understood. Cellular inflammation and, mainly, monocytes/macrophages play an important role in atherogenesis. 1 An increased number and stronger activation of circulating leukocytes could actively contribute to atherogenesis and organ ischemia by increased adhesion to and damage of the endothelium, and by disturbance of microvascular flow. 6 However, neutrophils that contributed most to increased risk do not play an important role in atherogenesis, whereas the number of monocytes that actively promote the process of atherosclerosis was not as important as a predictor. It is also possible that the injury of active atherogenesis causes an inflammatory response with high leukocyte counts being only a risk marker of the atherosclerotic process. Finally, increased leukocyte counts can reflect the role of chronic infectious diseases that themselves may contribute to cardiovascular risk. 23 Aspirin was shown to prevent stroke and myocardial infarction most efficiently in subjects with high levels of CRP. 11 This indicates that aspirin may partly exert its preventive potential by antiinflammatory effects. Our initial hypothesis that the predictive role of leukocyte counts is attenuated by aspirin, as compared with clopidogrel, was not supported by the results. Recent studies suggest that clopidogrel may also modulate inflammatory pathways, 24 and such features of clopidogrel could possibly explain the lack of difference to aspirin.
It is an intriguing result of our study that leukocyte counts are significantly increased over baseline levels in the one week before a recurrent event, whereas measurements at earlier time points remained stable. Such additional acute increase heralds an imminent risk for the patient. Inflammatory parameters are increased after ischemia. 25 In light of our results, this may not only be a reaction to tissue damage but may partly originate in processes initiated before the infarction. Exacerbated inflammation plays an important role in the rupture of atherosclerotic plaques as a frequent cause of arterial thrombosis 26 and such local processes may be reflected by increased systemic inflammation. Unstable angina pectoris is accompanied by upregulated inflammation 25 and this may partly explain elevated leukocyte counts before myocardial infarction. Alternatively, acute infection that was identified as a trigger factor for myocardial infarction and ischemic stroke could explain the rise in leukocyte counts. 27, 28 It is a limitation of our study that data on acute infection are not available and that it does not provide further insight into mechanisms linking leukocyte counts to ischemic events.
The following conclusions can be drawn from our data. First, leukocyte counts and (mainly) neutrophil counts both independently predict the risk of ischemic events in a highrisk population and, also, the risk of secondary events in patients with previous ischemic diseases. Second, the predictive role of leukocyte counts was not modified by aspirin as compared with clopidogrel. Third, an acute increase of leukocyte counts over baseline levels heralds a period of increased risk that lasts approximately one week.
